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Epithelial^mesenchymal interactions play pivotal roles
in the morphogenesis of many organs and various types
of appendages. During hair follicle development, exten-
sive interactions between two embryologically di¡erent
hair follicle compartments (epidermal keratinocytes
and dermal papilla ¢broblasts) lead to the formation of
the hair shaft-producing mini-organ that shows cyclic
activity during postnatal life with periods of active
growth, involution and resting. During the hair cycle,
the epithelium and the mesenchyme are regulated by a
distinct set of molecular signals that are unique for
every distinct phase of the hair cycle. In telogen hair
follicles, epithelial^mesenchymal interactions are char-
acterized by a predominance of inhibitory signals
that retain the hair follicle in a quiescent state. During
anagen, a large variety of growth stimulatory pathways
are activated in the epithelium and in the mesenchyme,
the coordination of which are essential for proper
hair ¢ber formation. During catagen, the termination
of anagen^speci¢c signaling interactions between the
epithelium and the mesenchyme leads to apoptosis in
the hair follicle epithelium, while activation of selected
signaling pathways promotes the transition of the der-
mal papilla into a quiescent state. The signaling ex-
change between the follicular epithelium and the
mesenchyme is modulated by proteoglycans, such as
versican, which may signi¢cantly enhance or reduce
the biological activities of secreted growth stimulators.
However, additional research will be required to bridge
the gap between our current understanding of mechan-
isms underlying epithelial^mesenchymal interactions in
hair follicles and the potential clinical application of
growth modulators involved in those interactions.
Further progress in this area of research will hopefully
lead to the development of new drugs for the treatment
of hair growth disorders. Key words: Wnt/BMP/Shh/
proteoglycans/versican. JID Symposium Proceedings 8:46 ^55,
2003
E
pithelial^mesenchymal interactions (EMI) play a cen-
tral role in organogenesis in many tissues and various
types of appendages, including hair follicles (reviewed
in Chuong, 1998; Hogan, 1999; Hogan and Kolodziej,
2002). Development of hair follicles is governed by a
signaling cascade between epidermal keratinocytes committed to
hair follicle-speci¢c di¡erentiation and the follicular papilla, a
population of mesenchymal cells selected to form the connective
tissue compartment of the developing hair follicle (Hardy, 1992;
Philpott and Paus, 1998; Millar, 2002). Extensive interactions
between these two embryologically di¡erent hair follicle com-
partments lead to the formation of the hair shaft-producing
mini-organ that shows a cyclic activity during postnatal life with
periods of active growth and hair shaft formation (anagen), apop-
tosis-driven involution (catagen), relative resting and hair shed-
ding (telogen-exogen) (reviewed in Cotsarelis and Miller, 2001;
Paus and Cotsorelis, 1999; Fuchs et al, 2001; Stenn and Paus, 2001).
Growth factors forming a molecular network of signals that
the epithelium and the mesenchyme send to each other during
hair follicle development belong to the Wnt, TGF-beta/BMP,
Hedgehog, FGF, Notch, EGF, TNF and neurotrophin families
(Millar, 2002). Many of these signaling pathways interact and
modulate each other’s activities at di¡erent levels (extracellular,
cytoplasmic or nuclear) (reviewed in von Bubno¡ and Cho,
2001). Increasing evidence also suggests that signaling exchanges
between the epithelium and the mesenchyme are modulated by
extracellular matrix molecules, which may signi¢cantly enhance
or reduce the biological activities of secreted growth stimulators
(reviewed in Christian, 2000; Kresse and Schoenherr, 2001; Tele-
man et al, 2001).
Hair follicle morphogenesis and the initiation of a new growth
phase in postnatal hair follicles have many similar features, and
both processes are characterized by the activation of cell di¡eren-
tiation programs that lead to the construction of ¢ber producing
epithelial hair bulbs. The hair-producing functions of the follicu-
lar epithelium are believed to be maintained by the activity of
mesenchymal cells in the follicular papilla. Increased evidence
suggests that many growth factors and their receptors that are in-
volved in signaling exchanges between the epithelium and the
mesenchyme during hair follicle development also regulate the
cyclic activity of postnatal hair follicles (reviewed in Dlugosz,
1999; Fuchs et al, 2001). In this review, we brie£y summarize the
microanatomy of EMI during hair follicle cycling, and we re-
view the major signaling pathways that are involved in EMI
within postnatal hair follicles. We also focus on extracellular
matrix molecules that modulate EMI in the hair follicle and
show their importance in controlling hair follicle cycling.
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MICROANATOMYOF EMI DURING THE HAIRCYCLE
Microanatomically, interactions between epithelial and mesench-
ymal cells of the hair follicle occur at the interface between the
germinative part of the follicular epithelium and the follicular pa-
pilla, which are separated by a basement membrane (Fig 1). All
three components of this interactive system (hair follicle kerati-
nocytes, basement membrane, and ¢broblasts of the follicular pa-
pilla) undergo extensive structural and biochemical remodeling
during the hair cycle. In telogen hair follicles, the germinative
part of the epithelium (secondary hair germ) consists of relatively
quiescent cells with minimal DNA synthesis (Wilson et al, 1994),
while mesenchymal cells form a ball-like cluster with a poorly
developed extracellular matrix beneath the secondary hair germ
(Young, 1980; Muller-Rover et al, 2001). The basement membrane
of the telogen hair follicle that separates epithelial cells of the sec-
ondary hair germ and mesenchymal cells of the follicular papilla
is relatively thick and multilayered (Jahoda et al, 1992).
During anagen, the interface between the hair follicle epithe-
lium and the mesenchyme increases progressively and reaches a
maximum in the late anagen hair follicle, in which the follicular
papilla becomes incorporated into the center of the epithelial hair
bulb (Fig 1). It is believed that in anagen hair follicles, the epithe-
lium of the hair bulb and the follicular papilla have maximal sig-
naling exchange and that morphogenetic factors secreted by
follicular papilla cells govern proliferation and di¡erentiation in
epithelial hair bulbs (Stenn and Paus, 2001). In contrast, hair
matrix keratinocytes may secrete molecules that maintain the
functional activity of dermal papilla ¢broblasts.
Epithelial cells of hair bulbs arising from the bulge-derived
hair follicle stem cells (Oshima et al, 2001) are connected to each
other by desmosomes and gap junctions. These cells proliferate
rapidly and move upwards, di¡erentiating into six distinct cell
populations (Hashimoto and Shibazaki, 1976; Sengel, 1976). The
more centrally located postmitotic matrix cells di¡erentiate into
the medulla, the cortex and the cuticle of the hair shaft, while
cells located more externally di¡erentiate into the cuticle, and
the Huxley and Henle layers of the inner root sheath (Sengel,
1976). Ultrastructural studies suggest that the di¡erentiation pro-
cess begins earlier in the inner root sheath precursors, since they
have begun to keratinize by trichohyalin formation in the upper
bulb, whereas the more centrally located hair shaft precursor cells
are still dividing at the same level (Hashimoto and Shibazaki,
1976).
Epithelial cells of the hair bulb are separated from the follicular
papilla by a tri-layered basal membrane (Tobin, 1992; Nutbrown
and Randall, 1995). In anagen hair follicles, the follicular papilla
forms an onion-shaped structure with large amounts of extracel-
lular matrix and with ¢broblast-like cells contacting each other
and the basal lamina via desmosome-like and gap-like junctions
(Hashimoto and Shibazaki, 1976). The number of mesenchymal
cells in the follicular papilla is signi¢cantly increased during ana-
gen, most likely through their proliferation and through the mi-
gration of selected connective tissue sheath cells into the follicular
papilla (Elliott et al, 1999).
Interestingly, there are two distinct populations of mesenchy-
mal cells seen in the follicular papilla of human anagen hair fol-
licles at the ultrastructural level (Hashimoto and Shibazaki, 1976).
One of those cell populations comprises ¢broblast-like cells with
micro¢lament-rich cytoplasms and many peripheral villi, while
the other cell population is characterized by well-developed
rough endoplasmic reticula and Golgi complexes (Hashimoto
and Shibazaki, 1976).We hypothesize that the ¢rst cell population
represents connective tissue sheath cells that migrate into the fol-
licular papilla of anagen hair follicles, while the second one repre-
sents morphogenetically active follicular papilla cells. However, it
remains to be elucidated whether connective tissue sheath cells
that migrate into the anagen follicular papilla similarly to the
follicular papilla cells are capable of producing the variety of
growth regulators that in£uence the proliferation and di¡eren-
tiation of hair matrix cells, or whether they only support the
Figure1. Microanatomical changes in the hair follicle epithelium
and mesenchyme during the hair cycle. In telogen hair follicle, epithe-
lial cells of the secondary hair germ are located immediately above the fol-
licular papilla. In late anagen hair follicle, the onion-shaped follicular
papilla is surrounded by epithelial hair bulb containing germinative cells
that di¡erentiate into six cell populations and form the hair shaft and the
inner root sheath. In catagen hair follicle, follicular papilla returns into the
ball-shaped quiescent state and keeps integrity with cells of the regressing
epithelial strand (Stenn and Paus, 2001).
Figure 2. Model of molecular signaling exchange between hair fol-
licle epithelium and mesenchyme during telogen-anagen transi-
tion. In telogen hair follicle, BMP4 and estrogen receptor-alpha are
expressed in mesenchyme, while BMPR-IA and STAT3 are expressed in
the secondary hair germ keratinocytes. Estrogens may stimulate BMP4 ex-
pression in the follicular papilla, and the interactions of BMP4 with
BMPR-IA in the follicular epithelium results in down-regulation of Shh,
Wnt10b and STAT3 activity and hair growth inhibition.When BMP4 ac-
tivity is reduced by BMP-antagonist noggin or by inhibition of estrogen
receptor signaling, Wnt and Shh signaling pathways are not suppressed
anymore by BMP4. Activated Shh pathway may stimulate the expression
of Wnt10b in hair follicle epithelium andWnt10a in the follicular papilla,
while Wnt10b may stimulate STAT3 expression, leading to hair follicle
transition from telogen to anagen.
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growth-stimulatory activity of follicular papilla cells via mainte-
nance of the follicular papilla volume or the synthesis of extracel-
lular matrix molecules.
The transition of actively growing hair follicles into the phase
of spontaneous involution (catagen) is associated with the down-
regulation of signaling exchanges between hair matrix cells and
the follicular papilla. In the beginning of catagen, cells of the fol-
licular papilla lose their contacts with the basal lamina and show
the replacement of organelles with synthetic functions by autop-
hagic vacuoles in the cytoplasm (Young, 1980; De Weert et al,
1982). Further, the proliferation and di¡erentiation of hair matrix
keratinocytes is dramatically reduced and hair shaft production is
completed. This is accompanied by well-coordinated apoptosis in
the proximal hair follicle epithelium, which leads to the shorten-
ing of the hair follicle length up to 70% (Fig 1) (Cotsarelis, 1997;
Straile et al, 1961; Parakkal, 1970; Lindner et al, 1997; Stenn and
Paus, 2001).
During catagen, the volume of the follicular papilla and its ex-
tracellular matrix content are progressively reduced and the folli-
cular papilla cells subsequently form ball-like clusters that move
upward to the dermis-subcutis border following the follicular
epithelium (Cotsarelis, 1997; Straile et al, 1961; Parakkal, 1970;
Stenn and Paus, 2001). The basal lamina of catagen hair follicles
that separates the epithelial and the mesenchymal cells becomes
highly pleated, probably due to the lack of association with cells,
which results in the thickened hyaline membrane seen by light
microscopy (Parakkal, 1969).
MOLECULAR SIGNALING BETWEEN THE HAIR
FOLLICLE EPITHELIUM AND THE MESENCHYME IS
HAIRCYCLE DEPENDENT
The extensive structural remodeling seen at the histological and
ultrastructural levels in postnatal hair follicles during the hair cy-
cle mirrors the intensity of the molecular signaling exchange be-
tween follicular keratinocytes and ¢broblasts of the follicular
papilla, which appears to be minimal in the telogen hair follicle
and maximal during anagen. Below, we review the major mole-
cular signaling pathways that are involved in the EMI during dis-
tinct stages of the hair cycle (telogen, anagen, and catagen).
Telogen In telogen hair follicles, keratinocytes of the secondary
hair germ express structural proteins (cytokeratin 14), growth
modulatory molecules (BMP-4, sonic hedgehog (Shh), ¢bro-
blast growth factor 5 (FGF5)), growth factor receptors (bone
morphogenetic protein receptor IA (BMPR-IA), stem cell factor
(SCF) receptor c-kit), adhesion molecules (E- and p-cadherins),
and transcriptional regulators (basonuclin, b-catenin/Lef-1,
STAT3) (Table 1). These keratinocytes may contain transient
amplifying cells that begin to proliferate during anagen initiation
(Panteleyev et al, 2001). Dermal papilla ¢broblasts of telogen hair
follicles express alkaline phosphatase, neuronal cell adhesion
molecule (NCAM), BMP-4, and estrogen receptors (Table 1).
It was proposed that telogen skin contains inhibitor(s) of hair
follicle growth that are essential for the maintenance of hair
follicles in telogen (Paus et al, 1990). It was recently shown
that BMP-4 is a candidate molecule that plays the role of such an
inhibitor (Botchkarev et al, 2001a). In telogen hair follicles, BMP4
is produced by dermal papilla ¢broblasts and by secondary germ
keratinocytes, and might interact with BMPR-IA, which is
selectively expressed in the secondary germ, thus preventing the
onset of anagen (Botchkarev et al, 2001a). BMP-4 treatment
prevents anagen development in hair follicles induced by depila-
tion, while administration of the BMP-4 antagonist noggin pro-
motes the transition of telogen hair follicles to anagen (Botchkarev
et al, 2001a).
However, BMP-4 appears to be not the only regulator that
retains hair follicles in telogen. Signaling through the estrogen
receptor-alpha expressed in the dermal papilla of telogen hair
follicles also plays an important role in the maintenance of hair
follicles in telogen, since administration of a synthetic estrogen
receptor antagonist induces anagen in telogen hair follicles (Oh
and Smart, 1996; Chanda et al, 2000). Interestingly, estrogen
hormones may positively regulate BMP-4 expression in devel-
oping mammary glands (Phippard et al, 1996). Although other
signaling pathways may be involved in mediating the anagen-
inhibitory e¡ects of estrogens, this suggests that estrogens may
also be involved in controlling BMP-4 expression in the dermal
papilla of telogen hair follicles.
Telogen-anagen transition Experimental and genetic studies
suggest that hair follicle transition from telogen to anagen is
associated with the activation of the Shh,Wnt/beta-catenin/Lef-1
and STAT3 signaling pathways, which appear to be inactive in
telogen hair follicles (Sato et al, 1999; Sano et al, 2000; Huelsken
et al, 2001; Reddy et al, 2001). Furthermore, activation of the
growth phase in telogen hair follicles is also accompanied by
down-regulation of the inhibitory BMP signaling pathway
(Botchkarev et al, 2001a). Although the expression patterns for
many components of these signaling pathways (Shh and Wnt
receptors, upstream components of the STAT3 transcription
regulator) in telogen and early anagen hair follicles remain to be
elucidated, increased evidence suggests that the hair follicle
telogen-anagen transition is associated with activation of a
signaling exchange between the follicular epithelium and the
mesenchyme.
Indeed, in contrast to telogen hair follicles, early anagen
follicles express Wnt10a in the dermal papilla and Wnt10b in the
secondary hair germ (Reddy et al, 2001). Up-regulation of Wnt
protein expression in early anagen hair follicles may be Shh-
dependent, since keratinocyte-derived Shh stimulates the onset
of Wnt5a expression in the follicular papilla during hair follicle
morphogenesis (Reddy et al, 2001). ActivatedWnt signaling may
stimulate STAT3 expression, since Wnt-beta-catenin pathways
appears to operate as stimulator of STAT3 expression during
development (Yamashita et al, 2002). Activation of Wnt and Shh
signaling in early anagen hair follicles may also be due to the
down-regulation of BMP signaling, which antagonizes the Wnt
and Shh pathways in hair follicles and also in many other organs
during development (Baker et al, 1999; Christian, 2000; Botchkarev
et al, 2001a). Consistent with this hypothesis, BMPR-IA expression
is markedly decreased in secondary hair germ keratinocytes that
show the highest proliferation in early anagen hair follicles, while
expression of the BMP antagonist noggin is increased in the folli-
cular epithelium and in the mesenchyme (Botchkarev et al, 2001a).
However, since anagen induction also occurs after adminis-
tration of immunosuppressants (cyclosporine A, FK506), biological
modi¢ers (minoxidil), neuropeptide substance P, or mast cell
secretagogues (Paus et al, 1989; Paus et al, 1994a; Paus et al,
1994b; Stenn and Paus, 2001), the signi¢cance of these signaling
molecules in regulating EMI during hair follicle telogen-anagen
transition remains to be elucidated.
Anagen Signaling exchanges between epithelial cells of the hair
bulb and ¢broblasts of the dermal papilla reach their maximum
during late anagen. Proliferating and postmitotic keratinocytes of
the hair matrix express receptors and/or intracellular signaling
components of a variety of signaling pathways (beta-catenin/Lef-1,
c-kit, c-met, FGFR2, IGF-IR), while the corresponding ligands are
expressed in the dermal papilla (Wnt5a, SCF, HGF, FGF7, IGF-1;
Table 1). In contrast, dermal papilla ¢broblasts express PDGF-Ra,
Smoothened and TrkB receptors, and the corresponding ligands
(PDGF-A, Shh and BDNF) are produced by hair matrix kera-
tinocytes (Table 1). This suggests that, as with other epithelial-
mesenchymal interacting systems such as the developing tooth,
lung or kidney (Thesle¡ et al, 1995; Thesle¡ and Mikkola, 2002),
EMI in the late anagen hair bulb are also reciprocal.
Keratinocytes in anagen hair bulbs arise from progenitors that
are capable of di¡erentiating into all six follicular epithelial fates
(Kopan et al, 2002). Importantly, postmitotic keratinocytes di¡er-
entiating into distinct follicular layers (medulla, cortex and cuticle
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Table1. Molecules that are expressed in the hair follicle epithelium and mesenchyme during the hair cycle
Hair cycle stages Epithelium Mesenchyme
Telogen Secondary hair germ
Structural proteins
Cytokeratin 14 (Bowden et al, 1998)
Adhesion molecules
E- and P-cadherins (Muller-Rover et al, 1999)
Growth modulators
BMP-4 (Botchkarev et al, 2001a)
Shh(Sato et al, 1999)
FGF5 (Rosenquist and Martin, 1996)
Receptors
BMPR-IA (Botchkarev et al, 2001a)
Transcriptional regulators
Basonuclin (Weiner and Green, 1998)
bcatenin/Lef-1 (DasGupta and Fuchs, 1999; Merrill et al, 2001)
STAT-3 (Sano et al, 2000)
Follicular papilla
Adhesion molecules
NCAM (Muller-Rover et al, 1998)
Enzymes
Alkaline phosphatase (Handjiski et al, 1994)
Growth modulators
BMP-4 (Botchkarev et al, 2001a)
Receptors
Estrogen receptor-alpha (Chanda et al, 2000; Oh and
Smart, 1996)
Anagen Hair matrix including postmitotic cells
Structual proteins
Keratin K6irs (Porter et al, 2001; Rothnagel et al, 1999)
Enzymes
TIMP-3 (Airola et al, 1998)
Adhesion molecules
P-cadherin (Muller-Rover et al, 1999)
Growth modulators
BDNF, NT-3 (Botchkarev et al, 1999; Botchkarev et al, 1998)
BMP-2/BMP-4/Noggin (Botchkarev et al, 2001a; Kulessa et al, 2000)
PDGFA (Karlsson et al, 1999)
Shh (Botchkarev et al, 2001a; Gat et al, 1998; Sato et al, 1999)
Wnt3a/Wnt4/Wnt10a/Wnt10b/Wnt11(Reddy et al, 2001)
VEGF (Kishimoto et al, 2000b;Yano et al, 2001)
Receptors
BMPR-IA/BMPR-IB (Botchkarev et al, 2001a)
c-kit (Botchkareva et al, 2001)
c-met (Lindner et al, 1999)
EGF-R (Green and Couchman, 1984)
FGFR2 (Botchkareva et al, 1999; Rosenquist and Martin, 1996)
Galectin 1/3 binding sites (Wollina et al, 2000)
Interleukin-1 receptor type I (Xiong and Harmon, 1997)
IGF-I receptor (Rudman et al, 1997; Su et al, 1999)
TGF-bRI(Alk-5) (Paus et al, 1997)
TGF-bRII (Paus et al, 1997)
Vitamin D receptor (Reichrath et al, 1994a)
Transcriptional regulators
bcatenin/Lef-1 (DasGupta and Fuchs, 1999; Merrill et al, 2001)
Foxn1 (Whn)(Kulessa et al, 2000; Lee et al, 1999; Meier et al, 1999)
Hoxc13 (Godwin and Capecchi, 1998; Jave-Suarez et al, 2002;
Tkachenko et al, 2001)
Hairless (Panteleyev et al, 2000)
Msx-2 (Jiang et al, 1999; Kulessa et al, 2000)
p21/p27 (Mitsui et al, 1997; Song and Lambert, 1999)
p53 (Botchkarev et al, 2001b)
c-Myc (Bull et al, 2001)
Follicular papilla
Adhesion molecules
NCAM (Muller-Rover et al, 1998)
Enzymes
Alkaline phosphatase (Handjiski et al, 1994)
MMP-7 (Goodman and Ledbetter, 1992)
Nexin-1 (Jensen et al, 2000; Sonoda et al, 1999;Yu et al, 1995)
5-alpha-Reductase type 1/2 (Asada et al, 2001; Eicheler et al, 1998;
Itami et al, 1990)
Steroid sulfatase (Ho¡mann et al, 2001)
Growth modulators
Agouti protein (Lu et al, 1994; Millar et al, 1995)
BMP-2/BMP-4/Noggin (Botchkarev et al, 2001a; Kulessa et al, 2000)
Connective tissue growth factor (Sleeman et al, 2000)
FGF7 (Guo et al, 1996; Rosenquist and Martin, 1996)
HGF (Lindner et al, 1999; Shimaoka et al, 1994; Shimaoka et al, 1995)
Interferon beta (Kim et al, 2002)
Interleukin-1 beta (Xiong and Harmon, 1997)
Interleukin-6 (Sleeman et al, 2000)
IGF-I (Rudman et al, 1997; Su et al, 1999)
IGF-BP3 (Hembree et al, 1996)
SCF (Botchkareva et al, 2001; Hibberts et al, 1996)
TGF-beta2 (Chiu et al, 1996)
Wnt5a (Reddy et al, 2001)




BM-CSPG (Couchman, 1986; Couchman, 1993;
Couchman et al, 1990;Westgate et al, 1991)
Galectin 1 (Sleeman et al, 2000)
Versican (du Cros et al, 1995; Kishimoto et al, 1999)
Receptors
Androgen receptor (Choudhry et al, 1992; Randall et al, 1992a;
Randall et al, 1992b)
BMPR-IA (Botchkarev et al, 2001a)
FGFR1 (Rosenquist and Martin, 1996)
PDGF-R alpha (Karlsson et al, 1999)
Retinoic acid receptor beta (Billoni et al, 1997)
Smoothened (Sleeman et al, 2000)
Tyrosine kinase B (Botchkarev et al, 1999)
Vitamin D receptor (Reichrath et al, 1994b)
Transcriptional regulators
Alx-4 (Hudson et al, 1998)
Catagen Hair matrix and epithelial strand
Adhesion molecules
E- and P-cadherins (Muller-Rover et al, 1999)
Apoptotic regulators
Bax (Lindner et al, 1997)
Caspases-1/3/4/7 (Soma et al, 1998)
Growth modulators
BDNF, NT-3, NT-4 (Botchkarev et al, 1999;
Botchkarev et al, 1998)
TGF-b1 (Foitzik et al, 2000)
Receptors
TGF-bRII (Paus et al, 1997)
Transcriptional regulators
Hairless (Panteleyev et al, 2000)
p53 (Botchkarev et al, 2001b)
Follicular papilla
Adhesion molecules
NCAM (Muller-Rover et al, 1998)
Apoptotic regulators
Bcl-2 (Lindner et al, 1997)
Enzymes
Alkaline phosphatase (Handjiski et al, 1994)
Receptors
FGFR1 (Rosenquist and Martin, 1996)
Tyrosine kinases B/C (Botchkarev et al, 1999; Botchkarev et al, 1998)
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of the hair shaft, cuticle, Huxley and Henle layers of the inner
root sheath) are all located at de¢ned distances from the follicular
papilla (Fig 1). This suggests that a gradient of growth regulators
secreted by dermal papilla ¢broblasts may play critical roles
in determining cell fate in anagen hair bulbs. Indeed, the more
centrally located postmitotic matrix cells that di¡erentiate into
hair shaft progenitors (Sengel, 1976) may receive a more con-
centrated ‘‘cocktail’’ or a distinct combination of di¡usible growth
regulators secreted by the follicular papilla, compared to the more
laterally located inner root sheath progenitors (Fig 1).
Genetic studies suggest that the balance of growth regulators in
the epithelial hair bulb is indeed important for the proper
determination of cell di¡erentiation programs during the hair
shaft formation. Over-expression of the BMP antagonist noggin
in hair matrix keratinocytes under the control of the Msx-2
promoter results in severe abnormalities of hair shaft formation
associated with alterations in the expression of key transcription
factors (Foxn1, Hoxc13, Lef-1) involved in hair keratin synthesis
(Kulessa et al, 2000). In late anagen hair follicles, noggin is
produced by dermal papilla ¢broblasts and by hair matrix
keratinocytes and may prevent BMP-2/4 interactions with BMP
receptors that are also expressed in the hair matrix and in the
dermal papilla (Kulessa et al, 2000; Botchkarev et al, 2001a). This
suggests that in anagen hair follicles BMP signaling may control
not only the di¡erentiation process of hair matrix cells, but also
the activity of dermal papilla ¢broblasts.
Catagen The transition of actively growing hair follicles into
the phase of spontaneous involution (catagen) is a biological
process programming hair length, which varies in di¡erent body
regions and determines the diversity of fur seen in animals and
humans. This transition is associated with a dramatic decrease
in signaling exchanges between the hair follicle epithelium and
the mesenchyme and with the down-regulation of factors
that promote anagen and active hair production. However, the
production of factors that promote catagen development or
stimulate apoptosis in hair follicle cells, such as FGF5, TGF-b1,
or neurotrophins, is markedly increased (Paus, 1996; Stenn and
Paus, 2001), Table 1. Termination of anagen and catagen onset
can be induced experimentally in vitro or by the administration
of various molecules in vivo (reviewed in Paus, 1996; Stenn and
Paus, 2001). However, many studies suggest that the duration of
anagen in distinct hair follicle types is controlled by an internal
biological clock, which allows hair follicles to keep their own
cycle parameters even after transition into di¡erent tissue micro-
environments (Paus, 1996; Stenn and Paus, 2001).
Several reports suggest that during the catagen onset, growth
modulators produced by the follicular epithelium may promote
the transition of the dermal papilla into the quiescent state. The
short isoform of FGF5 is expressed in the outer root sheath and
prevents interaction of the full-length FGF5 isoform expressed by
perifollicular macrophages with the FGFR1 found in the dermal
papilla (Rosenquist and Martin, 1996; Suzuki et al, 1998; Suzuki
et al, 2000). Constitutive deletion of FGF5 in mice results in
an ‘‘angora-like’’ phenotype characterized by the extension of
anagen for several days and thus a dramatic increase in hair
length (Hebert et al, 1994). Members of the neurotrophin family
BDNF, NT-3 and NT-4, are up-regulated in the proximal hair
follicle epithelium prior to catagen and their high a⁄nity
receptors, TrkB and TrkC, are expressed in the dermal papilla
during late anagen-early catagen (Botchkarev et al, 1998;
Botchkarev et al, 1999). NT-3 and BDNF transgenic mice show
premature catagen development and BDNF over-expression
leads to the shortening of hair length by 15% (Botchkarev et al,
1998; Botchkarev et al, 1999). BDNF and NT-3 down-regulate
SCF and VEGF secretion by dermal papilla cells in vitro (Tobin
et al, unpublished observations), implicating neurotrophins as
important negative regulators of dermal papilla activity during
anagen-catagen transition.
Decreases in dermal papilla-derived growth factors that
maintain the proliferation and di¡erentiation of hair matrix cells
may stimulate their apoptosis during catagen via the ‘‘growth
factor withdrawal’’-dependent mechanism. Several studies
suggest that apoptosis followed by growth factor withdrawal in
di¡erent types of cells (hemapoietic cells, neurons) is mediated
by p53-dependent mechanisms (Gottlieb et al, 1994; Prisco et al,
1997; Aloyz et al, 1998). Our data suggest that p53 may serve as a
candidate molecule mediating apoptosis in hair matrix
keratinocytes after growth factor withdrawal (Botchkarev et al,
2001b). p53 protein is increased in hair matrix keratinocytes
closely adjacent to the dermal papilla in early catagen hair
follicle and colocalizes with TUNEL-stained cells (Botchkarev
et al, 2001b). In contrast to wild-type hair follicles, the hair
matrix of p53 null early catagen hair follicles is characterized by
a signi¢cant decline inTUNEL-positive cells, as well as by down-
regulation of Bax and up-regulation of Bcl-2 (Botchkarev et al,
2001b). However, p53 may also promote apoptosis via up-
regulation of IGF-BP3 (Buckbinder et al, 1995), which prevents
interaction of dermal papilla-derived IGF-1, known by its anagen-
stimulating activity (Philpott et al, 1994; Rudman et al, 1997) with
IGF-RI expressed on hair matrix keratinocytes. Indeed, we have
shown that IGF-BP3 protein is strongly down-regulated in
catagen hair follicles of p53 knockout mice, compared to wild-
type hair follicles (Botchkarev et al, 2001b).
It remains to be elucidated whether dermal papilla cells may
also produce any growth modulators during catagen that
in£uence follicular epithelial cells. It seems to be rather unlikely,
because during catagen dermal papilla cells express only selected
growth factor receptors and adhesion molecules, as well as the
antiapoptotic molecule Bcl-2 (Table 1). They are also character-
ized by the lack of expression of apoptotic ‘‘death’’ receptors, and
they don’t show TUNEL positive staining in vivo (Stenn et al,
1994; Lindner et al, 1997; Matsuo et al, 1998; Soma et al, 1998).
This suggests that the maintenance of antiapoptotic properties
and the integrity of dermal papilla cells are critically important
for their survival during catagen and for the capacity of the hair
follicle to regenerate in next hair cycle.
Another important characteristic feature of EMI during
catagen is maintenance of the integrity between the hair follicle
epithelium and the dermal papilla, which is critically important
for the regenerative capacity of the hair follicle. During catagen,
the dermal papilla is transformed into a cluster of quiescent cells
that are closely adjacent to the regressing hair follicle epithelium
and that tra⁄c from the subcutis to the dermis/subcutis border to
contact the distal portion of the hair follicle epithelium,
including the secondary hair germ (Fig 1). Transcripts of the
hairless gene are expressed in keratinocytes of the epithelial
strand that are closely adjacent to the dermal papilla (Panteleyev
et al, 2000), and mutations of this gene lead to disruption between
the dermal papilla and the hair follicle epithelium during catagen
and thus to the loss of the hair follicle’s capacity to enter into a
new anagen (Panteleyev et al, 1998a; Panteleyev et al, 1998b;
Panteleyev et al, 1999). This results in permanent hair loss in
humans and in mice (Ahmad et al, 1998). However, molecular
mechanisms that control dermal papilla adhesion to the hair
follicle epithelium during catagen, as well as transcription targets
of hairless involved in this process, remain to be elucidated.
In summary, during the hair cycle, the epithelium and the
mesenchyme exchange a distinct set of molecular signals that are
unique for telogen, anagen, or catagen phases. In telogen hair
follicles, EMI are characterized by a predominance of inhibitory
signals (BMP and estrogen receptor pathways) that retain the hair
follicle in a quiescent state. During anagen, a large variety of
growth stimulatory pathways are activated in the epithelium and
in the mesenchyme (BMP, FGF, HGF, IGF, PDGF, SCF, Shh,
Wnt), the coordinated activity of which is essential for proper
hair ¢ber formation. During catagen, termination of anagen-speci¢c
signaling exchanges between the epithelium and the mesenchyme
leads to apoptosis in the hair follicle epithelium, while activation
of selected signaling pathways (FGF5 and neurotrophin signaling)
promote the transition of the dermal papilla into a quiescent state.
It remains to be determined, however, whether maintenance
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of the integrity between the hair follicle epithelium and the
mesenchyme and regulation of hairless expression during catagen
are intrinsic properties of the follicular epithelium, or whether
mesenchymal signal (s) are required to activate hairless signaling
in the epithelial strand of the catagen hair follicle.
PROTEOGLYCANS AS MODULATORS OF
EPITHELIAL^MESENCHYMAL SIGNALING EXCHANGE
IN THE HAIR FOLLICLE
Proteoglycans are one class of molecule present in the extracellu-
lar matrix and which play multiple roles in providing biomecha-
nical properties of organs and tissues, regulating cell-cell
communications and modulating growth factor activities and
turnover (reviewed in Kresse and Schoenherr, 2001). Proteo-
glycans of the extracellular matrix may be divided into several
families, including multidomain proteoglycans or lecticans (ag-
grecan, versican, neurocan, brevican), small proteoglycans/glyco-
proteins (decorin, biglycan), basement membrane proteoglycans
(perlecan, agrin, bamacan), and membrane-associated heparan
sulfate proteoglycans (syndecans and glypicans) (reviewed in
Iozzo, 1998; Ericson and Couchman, 2000; Kresse and Schoen-
herr, 2001). Increased evidence suggests that proteoglycans play
an important role in regulating the EMI in di¡erent organs. In-
deed, constitutive deletion of one of the key enzymes involved
in proteoglycan synthesis (N-acetylglucosamine N-deacetylase/
N-sulfotransferase-1) results in embryonic lethality and severe
alterations in eye and skull development, thus resembling a
phenotype seen in embryos de¢cient inWnt-1, Shh, or chordin
and noggin (reviewed in Grobe et al, 2002). Mice de¢cient in 2-
O-sulfotransferase show bilateral renal agenesis, suggesting that
the absence of 2-O-sulfate groups in heparan sulfate proteo-
glycans does not allow proper regulation of EMI during kidney
development.
Experimental data suggest that proteoglycans may signi¢cantly
modulate the activities of a large variety of growth factors that
are involved in the regulation of EMI. Thus, heparan sulfate pro-
teoglycan (HSPG) can bind to the cell surface noggin, which re-
mains active as BMP antagonist (Paine-Saunders et al, 2002).
BMP-2 also contains binding sites for heparin, which may reduce
its activity (Ruppert et al, 1996). Low concentrations of HSPG en-
hance the a⁄nity of FGF7 to its receptor, while high HSPG con-
centrations inhibit FGF7 signaling via occupation of FGF7
binding sites on the receptor (LaRochelle et al, 1999). HSPG
can also act as a coreceptor for Wnt proteins and may regulate
the bioavailability of Shh for the Patched/Smoothened receptor
complex by inhibiting its endocytosis (reviewed in Baeg and
Peraimon, 2000). Endocan, which contains chondroitin sulfate resi-
dues, promotes the HGF mitogenic activity (Bechard et al, 2001).
Since all these growth factors are implicated in the EMI during
hair follicle cycling, their activity in the follicular epithelium or in
the mesenchyme may be signi¢cantly modulated by proteoglycans.
Hair follicle proteoglycans Proteoglycans of several classes are
expressed in postnatal hair follicles (reviewed in Couchman,
1993). Syndecan 1 is a transmembrane proteoglycan that is
expressed in outer root sheath keratinocytes and in dermal
papilla cells during hair follicle development (Couchman, 1993).
Figure 3. Versican-mRNA expression in the follicular papilla during hair follicle development and cycling. In situ hybridization signal for
murine versican mRNAwere detected during development (A) and early anagen phase (D, F) and diminished during catagen telogen (B, C and E).Versican
expression in follicular papilla is shown by arrows.
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Syndecan1 is capable of binding FGF2 and interacting with
cytoskeletal micro¢laments (Couchman, 1993). Basement membrane
HSPG (perlecan and basement membrane chondroitin sulfate
proteoglycan (BM-CSPG)) are expressed in the basement
membrane that separates epithelial and mesenchymal follicular
compartments, as well as in the dermal papilla (Couchman, 1986;
Couchman, et al, 1990). Importantly, BM-CSPG shows hair cycle-
dependent expression patterns with maximal expression seen in
the anagen dermal papilla (Couchman et al, 1990). Perlecan is
capable of binding FGF2 and is also required for functional
activation of the FGF7 receptor (Iozzo, 1998; Ghiselli et al, 2001),
which suggests its importance in the regulation of EMI in anagen
hair follicles. Decorin is a small leucine-rich proteoglycan
associated with interstitial collagen ¢brils and which shows low
expression in the dermal papilla (Couchman, 1993).
Versican Versican is a large extracellular matrix proteoglycan
that is present in a variety of tissues (Wight, 2002). Immuno-
histochemical studies indicate abundant expression of versican
in the dermal papilla of mice, especially during anagen phase
(du Cros et al, 1995). Since versican is a secreted extracellular
matrix-type proteoglycan, immunohistochemical localization
does not necessarily reveal which cells are producing versican.
In situ hybridization with versican sequence-speci¢c probes shows
that versican mRNA is con¢ned within the follicular papilla area
at high levels at early anagen phase. This signal disappears in mid
to late anagen phase, implying an important role of versican
in anagen induction during the hair cycle (Fig 3). A similar
pro¢le of dermal papilla-speci¢c immunoreactivity for versican
was observed in human hair follicles (Souma & Kishimoto,
unpublished data), suggesting a common role of versican across
species.
The importance of versican in the EMI to maintain the
inductive property of the dermal papilla was demonstrated using
a transgenic mouse model with the regulatory element of the
versican gene. Transgenic mice were generated with a lacZ
reporter under the control of a versican enhancer-promoter, and
speci¢c b-galactosidase staining was con¢rmed at the site of
mesenchymal condensation in the hair germ during embryo-
genesis, and in anagen dermal papilla at the postnatal period
(Kishimoto et al, 1999). A similar transgenic model under
versican promoter control with a £uorescent-tagged reporter
(GFP) replacing lacZ allowed the isolation of mesenchymal cells,
including pelage dermal papilla cells, and eliminated epithelial
cell contamination by £uorescence-activated cell sorting (FACS).
Those isolated versican-expressing mesenchymal cells were
explanted with undi¡erentiated epidermal cells from newborn
mice (presumably hair stem cells were present) on the dorsal
skin of immunode¢cient nude mice. The results clearly showed
the successful demonstration of the hair-inductive ability, which
required only the versican-active mesenchyme and epithelial cells
in this hair reconstitution system (Kishimoto et al, 1999).
Interestingly, these isolated dermal papilla cells lost their hair
inductive activity following passaging of the cells concomitant
with the down-regulation of versican mRNA expression,
assuming that the stimulation from epithelial cells was absent in
the mesenchymal monolayer culture. The correlation of versican
expression and maintenance of the hair inductive property implies
the involvement of versican as a key molecule in EMI for anagen
induction. Consistent with the role of b-catenin in hair induction
in vivo,Wnt protein was able to maintain the inductive property of
cultured dermal papilla-enriched mesenchymal cells for several
passages without epidermal cells (Kishimoto et al, 2000a). The
forced expression of versican molecules in cultured inactive,
versican-negative mesenchymal cells also partially restored the
hair inductivity in the reconstitution assay system (Kishimoto,
unpublished data). Interestingly, another class of proteoglycan,
termed Dally, which is a heparan sulfate proteoglycan, acts as a
modulator or ‘‘coreceptor’’ forWingless signaling (Wnt homolog in
Drosophila) (Nakato et al, 1995; Lin and Perrimon, 1999) and
versican may also modulate theWnt pathway as well.
Further evidence supporting the importance of versican
expression in EMI came from molecular and genetic studies of
the hair cycle-de¢cient mutant:vitamin D receptor (VDR)
null mouse (Sakai et al, 2001). In this hairless mutant, hair
induction fails after the ¢rst regression phase ends. Morphological
observations showed that this abnormal cycling is associated with
the disintegration of dermal papilla from hair follicular parts, so
that they exhibit complete hair loss during the rest of their life
while their hair morphogenesis appears to be normal. When
epidermal cells derived from these mutant mice were used,
versican expression in the condensed mesenchyme was also
diminished (as assessed by versican promoter-controlled reporter
gene expression) in the hair reconstitution model under hair
inductive stage from telogen. Since the intrinsic features of
epidermal keratinocytes having a VDR null genetic background
were normal (i.e., di¡erentiation gene marker expression such as
keratin 1, involucrin, and loricrin), abnormal signaling in EMI
between epithelial cells and dermal papilla cells may be the cause
of the de¢ciency in this case (Sakai et al, 2001).
Therefore, proteoglycans, such as versican, may have more active
roles in hair induction and EMI during hair follicle cycling than
previously thought, as modulators of growth factor signaling and
as structural molecular barriers to thwart immune cell attacks.
CONCLUSIONS
During the last decade, tremendous progress has been achieved in
delineating the molecular signaling pathways that are involved in
regulating hair follicle development and cycling. Many signaling
cascades, especiallyWnt, Shh, BMP, FGF, PDGF, IGF and neuro-
trophin pathways, appear to be involved in this EMI. Proteogly-
cans, such as versican, may act as intercellular modulators of
growth factor signaling exchange between the hair follicle
epithelium and the mesenchyme. However, additional research
will be required to bridge the gap between our current under-
standing of molecular mechanisms underlying the EMI in post-
natal hair follicles and the potential clinical application of growth
modulators involved in this EMI. Further progress in this area of
research will hopefully lead to the development of new drugs for
the treatment of hair growth disorders.
This work was supported by grants from the NIAMS toV.A.B. and by Shiseido Co.
Ltd to J.K.
REFERENCES
AhmadW, Fayazul Hague M, Brancolini et al: Alopecia universalis associated with a
mutation of human hairless gene. Science 279:720^724, 1998
Airola K, Ahonen M, Johansson N, Heikkila P, Kere J, Kahari VM, Saarialho-Kere
UK: Human TIMP-3 is expressed during fetal development, hair growth cy-
cle, and cancer progression. J Histochem Cytochem 46:437^447, 1998
Aloyz RS, Bamji SX, Pozniak CD,Toma JG, Atwal J, Kaplan DR, Miller FD: p53 is
essential for developmental neuron death as regulated by the TrkA and p75
neurotrophin receptors. J Cell Biol 143:1691^1703, 1998
AsadaYT, Sonoda M, Ojiro S, Kurata T, Sato T, Ezaki S,Takayasu S: 5 alpha-reduc-
tase type 2 is constitutively expressed in the dermal papilla and connective tis-
sue sheath of the hair follicle in vivo but not during culture in vitro. J Clin
Endocrinol Metabolism 86:2875^2880, 2001
Baeg G-H, Perrimon N: Functional binding of secreted molecules to heparan sulfate
proteoglycans in Drosophila. Curr Opin Cell Biol 12:575^580, 2000
Baker JC, Beddington RS, Harland RM:Wnt signaling in Xenopus embryos inhi-
bits bmp4 expression and activates neural development. Genes Dev 13:3149^
3159, 1999
Bechard D, Gentina T, Delehedde M, et al: Endocan is a novel chondroitin sulfate/
dermatan sulfate proteoglycan that promotes hepatocyte growth factor/scatter
factor mitogenic activity. J Biol Chem 276:48341^48349, 2001
Billoni N, Gautier B, MaheYF, Bernard BA: Expression of retinoid nuclear receptor
superfamily members in human hair follicles and its implication in hair
growth. Acta Dermato-Venereologica 77:350^355, 1997
BotchkarevVA, Botchkareva NV, Nakamura M, et al: Noggin is required for induc-
tion of the hair follicle growth phase in postnatal skin. FASEB J 15:2205^2214,
2001a
52 BOTCHKAREVAND KISHIMOTO JID SYMPOSIUM PROCEEDINGS
Botchkarev VA, Botchkareva NV,Welker P, et al: A new role for neurotrophins. in-
volvement of brain-derived neurotrophic factor and neurotrophin-4 in hair
cycle control. FASEB J 13:395^410, 1999
Botchkarev VA, Komarova EA, Siebenhaar F, Botchkareva NV, Maurer M, Gudkov
AV, Gilchrest BA: p53 involvement in the control of murine hair follicle re-
gression. AmJ Pathol 153, 2001b
BotchkarevVA,Welker P, Albers KM, et al: A new role for neurotrophin-3. involve-
ment in the regulation of hair follicle regression (catagen). Am J Path 153:705^
719, 1998
Botchkareva NV, BotchkarevVA, Chen LH, Lindner G, Paus R: A role for p75 neu-
rotrophin receptor in the control of hair follicle morphogenesis. Dev Biol
216:135^153, 1999
Botchkareva NV, Khlgatian M, Longley BJ, BotchkarevVA, Gilchrest BA: SCF/c-kit
signaling is required for cyclic regeneration of hair pigmentation unit. FASEB J
15:645^658, 2001
Bowden PE, Hainey SD, Parker G, Jones DO, Zimonjic D, Popescu N, Hodgins
MB: Characterization and chromosomal localization of human hair-speci¢c
keratin genes and comparative expression during the hair growth cycle. J Invest
Dermatol 110:158^64, 1998
von Bubno¡ A, Cho KWY: Intracellular BMP signaling regulation in vertebrates:
Pathway or network? Dev Biol 239:1^14, 2001
Buckbinder L,Talbot R,Velascomiguel S,Takenaka I, Faha B, Seizinger BR, Kley N:
Induction of the growth inhibitor IGF-binding protein-3 by p53. Nature
391:646^649, 1995
Bull JJ, Muller-Rover S, Patel SV, Chronnell CM, McKay IA, Philpott MP: Con-
trasting localization of c-Myc with other Myc superfamily transcription factors
in the human hair follicle and during the hair growth cycle. J Invest Dermatol
116:617^622, 2001
Chanda S, Robinette CL, Couse JF, Smart RC: 17beta-estradiol and ICI-182780 reg-
ulate the hair follicle cycle in mice through an estrogen receptor-alpha path-
way. AmJ Physiol Endocrinol Metabolism 278:E202^E210, 2000
Chiu HC, Chang CH, Chen JS, Jee SH: Human hair follicle dermal papilla cell,
dermal sheath cell and interstitial dermal ¢broblast characteristics. J Formosan
Med Assoc 95:667^674, 1996
Choudhry R, Hodgins MB, Van der Kwast TH, Brinkmann AO, Boersma WJ:
Localization of androgen receptors in human skin by immunohistochemistry:
Implications for the hormonal regulation of hair growth, sebaceous glands and
sweat glands. J Endocrinol 133:467^475, 1992
Christian JL: BMP,Wnt and Hedgehog signals: How far can they go? Curr Opin Cell
Biol 12:244^249, 2000
Chuong C-ME: Molecular Basis of Epithelial Appendage Morphogenesis. Austin, TX:
R. G. Landes Co, 1998
Cotsarelis G, Millar SE:Towards a molecular understanding of hair loss and its treat-
ment.Trends Mol Med 7:293^301, 2001
Cotsarelis G: The hair follicle: Dying for attention. AmJ Pathol 151:1505^1509, 1997
Couchman JR: Hair follicle proteoglycans. J Invest Dermatol 101:60S^64S, 1993
Couchman JR, King JL, McCarthy KJ: Distribution of two basement membrane
proteoglycans through hair follicle development and the hair growth cycle in
the rat. J Invest Dermatol 94:65^70, 1990
Couchman JR: Rat hair follicle dermal papillae have an extracellular matrix
containing basement membrane components. J Invest Dermatol 87:762^767,
1986
du Cros DL, LeBaron RG, Couchman JR: Association of versican with dermal
matrices and its potential role in hair follicle development and cycling. J Invest
Dermatol 105:426^431, 1995
DasGupta R, Fuchs E: Multiple roles for activated LEF/TCF transcription complexes
during hair follicle development and di¡erentiation. Development (Cambridge,
England) 126:4557^4568, 1999
De Weert J, Kint A, Geerts ML: Morphological changes in the proximal area of
the rat’s hair follicle during early catagen. An electron-microscopic study. Arch
Dermatol Res 272:79^92, 1982
Dlugosz AA: The Hedgehog and the hair follicle: A growing relationship. J Clin
Invest 104:851^853, 1999
Eicheler W, Happle R, Ho¡mann R: 5 alpha-reductase activity in the human
hair follicle concentrates in the dermal papilla. Arch Dermatol Res 290:126^132,
1998
Elliott K, Stephenson TJ, Messenger AG: Di¡erences in hair follicle dermal papilla
volume are due to extracellular matrix volume and cell number: Implications
for the control of hair follicle size and androgen responses. J Invest Dermatol
113:873^877, 1999
Ericson AC, Couchman JR: Still more complexity in mammalian basement mem-
branes. J Histochem Cytochem 48:1291^1306, 2000
Foitzik K, Lindner G, Mueller-Roever S, et al: Control of murine hair follicle regres-
sion (catagen) byTGF-beta 1 in vivo. FASEB J 14:752^760, 2000
Fuchs E, Merrill BJ, Jamora C, DasGupta R: At the roots of a never-ending cycle.
Dev Cell 1:13^25, 2001
Gat U, DasGupta R, Degenstein L, Fuchs E: De Novo hair follicle morphogenesis
and hair tumors in mice expressing a truncated beta-catenin in skin. Cell
95:605^614, 1998
Ghiselli G, Eichstetter I, Iozzo RV: A role for perlecan protein core in the activation
of the keratinocyte growth factor receptor. Biochem J 359:153^163, 2001
Godwin AR, Capecchi MR: Hoxc13 mutant mice lack external hair. Genes Dev
12:11^20, 1998
Goodman LV, Ledbetter SR: Secretion of stromelysin by cultured dermal papilla
cells: Di¡erential regulation by growth factors and functional role in mito-
gen-induced cell proliferation. J Cellular Physiol 151:41^49, 1992
Gottlieb E, Ha¡ner R, von Ruden T, Wagner EF, Oren M: Down-regulation
of wild-type p53 activity interferes with apoptosis of IL-3 dependent hemato-
poetic cells following IL-3 withdrawal. EMBO J 13:1368^1374, 1994
Green MR, Couchman JR: Distribution of epidermal growth factor receptors in rat
tissues during embryonic skin development, hair formation, and the adult hair
growth cycle. J Invest Dermatol 83:118^123, 1984
Grobe K, Ledin J, Ringvall M, Holmborn K, Forsberg E, Esko JD, Kjellen L:
Heparan sulfate and development: di¡erential roles of the N-acetylglucos-
amine N-deacetylase/N-sulfotransferase isozymes. Biochimica Biophysica Acta
1573:209^215, 2002
Guo L, Degenstein L, Fuchs E: Keratinocyte growth factor is required for hair devel-
opment but not for wound healing. Genes Dev 10:165^175, 1996
Handjiski BK, Eichmuller S, Hofmann U, Czarnetzki BM, Paus R: Alkaline phos-
phatase activity and localization during the murine hair cycle. Br J Dermatol
131:303^310, 1994
Hardy MH:The secret life of the hair follicle.Trends Genet 8:55^61, 1992
Hashimoto K, Shibazaki S: Ultrastructural study on di¡erentiation and function of
hair. In: Kobori T, Montagna W (eds). Biology and Disease of the Hair. Tokyo:
University of Tokyo Press, 1976:p 23^56
Hebert JM, Rosenquist T, Gotz J, Martin GR: FGF5 as a regulator of the hair
growth cycle: Evidence from targeted and spontaneous mutations. Cell
78:1017^1025, 1994
Hembree JR, Harmon CS, Nevins TD, Eckert RL: Regulation of human dermal
papilla cell production of insulin-like growth factor binding protein-3 by
retinoic acid, glucocorticoids, and insulin-like growth factor-1. J Cellular
Physiol 167:556^561, 1996
Hibberts NA, Messenger AG, Randall VA: Dermal papilla cells derived from beard
hair follicles secrete more stem cell factor (SCF) in culture than scalp cells or
dermal ¢broblasts. Biochem Biophys Res Commun 222:401^405, 1996
Ho¡mann R, Rot A, Niiyama S, Billich A: Steroid sulfatase in the human hair
follicle concentrates in the dermal papilla. J Invest Dermatol 117:1342^1348, 2001
Hogan BL, Kolodziej PA: Organogenesis: Molecular Mechanisms of Tubulogenesis.
Nat Rev Genet 3:513^523, 2002
Hogan BL: Morphogenesis. Cell 96:225^233, 1999
Hudson R, Taniguchi-Sidle A, Boras K,Wiggan O, Hamel PA: Alx-4, a transcrip-
tional activator whose expression is restricted to sites of epithelial^mesenchy-
mal interactions. Dev Dynamics 213:159^169, 1998
Huelsken J, Vogel R, Erdmann B, Cotsarelis G, Birchmeier W: b-catenin controls
hair follicle morphogenesis and stem cell di¡erentiation in the skin. Cell
105:433^545, 2001
Iozzo RV: Matrix proteoglycans: From molecular design to cellular function. Annu
Rev Biochem 67:609^652, 1998
Itami S, Kurata S, Takayasu S: 5 alpha-reductase activity in cultured human dermal
papilla cells from beard compared with reticular dermal ¢broblasts. J Invest
Dermatol 94:150^152, 1990
Jahoda CA, Mauger A, Bard S, Sengel P: Changes in ¢bronectin, laminin and type
IVcollagen distribution relate to basement membrane restructuring during the
rat vibrissa follicle hair growth cycle. J Anat 181 (1):47^60, 1992
Jave-Suarez LF,Winter H, Langbein L, Rogers M, Schweizer J: Hoxc13 is involved
in the regulation of human hair keratin gene expression. J Biol Chem 277:3718^
3726, 2002
Jensen PJ,Yang T, Baker DW,Yu MS, Risse B, Sun TT, Lavker RM: Serpins in the
human hair follicle. J Invest Dermatol 114:917^922, 2000
JiangTX, LiuYH,Widelitz RB, Kundu RK, Maxson RE, Chuong CM: Epidermal
dysplasia and abnormal hair follicles in transgenic mice overexpressing
homeobox gene MSX-2. J Invest Dermatol 113:230^237, 1999
Karlsson L, Bondjers CB, etsholtz C: Roles for PDGF-A and sonic hedgehog in
development of mesenchymal components of the hair follicle. Development
(Cambridge, England) 126:2611^2621, 1999
Kim CD, ChoeY, Shim C, Kim K: Interferon Beta secreted from human hair der-
mal papilla cells inhibits the growth of outer root sheath cells cultured in vitro.
Biochem Biophys Res Comms 290:1133^1138, 2002
Kishimoto J, Burgeson RE, Morgan B: Wnt signaling maintains the hair-inducing
activity of the dermal papilla. Genes Dev 14:1181^1185, 2000a
Kishimoto J, Ehama R, GeY, Kobayashi T, NishiyamaT, Detmar M, Burgeson RE:
In vivo detection of human vascular endothelial growth factor promoter activ-
ity in transgenic mouse skin. AmJ Pathol 157:103^110, 2000b
Kishimoto J, Ehama R,Wu L, Jiang S, Jiang N, Burgeson R: Selective activation
of the versican promoter by epithelial^mesenchymal interactions during hair
follicle development. Proc Natl Acad Sci USA 96:7336^7341, 1999
Kopan P, Lee J, Lin M-H, Syder AJ, Kesterson J, Crutch¢eld N, Li CR,WuW, Books
J, Gordon JI: Genetic mosaic analysis indicates that the bulb region of coat hair
follicles contains a resident population of several active multipotent epithelial
lineage progenitors. Dev Biol 242:44^57, 2002
Kozlowska U, Blume-Peytavi U, Kodelja V, Sommer C, Goerdt S, Majewski S,
Jablonska S, Orfanos CE: Expression of vascular endothelial growth factor
(VEGF) in various compartments of the human hair follicle. Arch Dermatol
Res 290:661^668, 1998
Kresse H, Schoenherr E: Proteoglycans of the extracellular matrix and growth con-
trol. J Cell Physiol 189:266^274, 2001
EMI IN HAIRCYCLING 53VOL. 8, NO. 1 JUNE 2003
Kulessa H, Turk G, Hogan BL: Inhibition of Bmp signaling a¡ects growth and
di¡erentiation in the anagen hair follicle. EMBO J 19:6664^6674, 2000
LaRochelle WJ, Sakaguchi K, Atabey N, et al: Heparan sulfate proteoglycan
modulates keratinocyte growth factor signaling through interaction with both
ligand and receptor. Biochemistry 38:1765^1771, 1999
Lee D, Prowse DM, Brissette JL: Association between mouse nude gene expression
and the initiation of epithelial terminal di¡erentiation. Dev Biol 208:362^374,
1999
Lin X, Perrimon N: Dally cooperates with Drosophila Frizzled 2 to transduce
Wingless signalling. Nature 400:281^284, 1999
Lindner G, Botchkarev VA, Botchkareva NV, Ling G, van der Veen C, Paus R:
Analysis of apoptosis during hair follicle regression (catagen). Am J Pathol
151:1601^1617, 1997
Lindner G, Menrad A, Gehrardi E, Merlino G, Welker P, Handjiski B, Rolo¡ B,
Paus R: Involvement of hepatocyte growth factor/scatter factor and Met recep-
tor signaling in hair follicle morphogenesis and cycling. FASEB J 14:319^332,
1999
Lu D,Willard D, Patel IR, et al: Agouti protein is an antagonist of the melanocyte-
stimulating-hormone receptor. Nature 371:799^802, 1994
Matsuo K, Mori O, Hashimoto T: Apoptosis in murine hair follicles during catagen
regression. Arch Dermatol Res 290:133^136, 1998
Meier N, Dear TN, Boehm T:Whn and Ha3 are components of the genetic hierar-
chy controlling hair follcile di¡erentiation. Mech Dev 89:215^221, 1999
Merrill BJ, Gat U, DasGupta R, Fuchs E: Tcf3 and Lef1 regulate lineage di¡erentia-
tion of multipotent stem cells in skin. Genes Dev 15:1688^1705, 2001
Millar SE: Molecular mechanisms regulating hair follicle development. J Invest
Dermatol 118:216^225, 2002
Millar SE, Miller MW, Stevens ME, Barsh GS: Expression and transgenic studies
of the mouse agouti gene provide insight into the mechanisms by which
mammalian coat color patterns are generated. Development 121:3223^3232,
1995
Mitsui S, Ohuchi A, Hotta M, Tsuboi R, Ogawa H: Genes for a range of growth
factors and cyclin-dependent kinase inhibitors are expressed by isolated human
hair follicles. Br J Dermatol 137:693^698, 1997
Muller-Rover S, Handjiski B, van der Veen C, Eichmuller S, Foitzik K, McKay IA,
Stenn KS, Paus R: A comprehensive guide for the accurate classi¢cation of
murine hair follicles in distinct hair cycle stages. J Invest Dermatol 117:3^15, 2001
Muller-Rover S, Peters EJ, BotchkarevVA, PanteleyevA, Paus R: Distinct patterns of
NCAM expression are associated with de¢ned stages of murine hair follicle
morphogenesis and regression. J Histochem Cytochem 46:1401^1410, 1998
Muller-Rover S, Tokura Y,Welker P, Furukawa F,Wakita H, Takigawa M, Paus R:
E- and P-cadherin expression during murine hair follicle morphogenesis and
cycling. Exp Dermatol 8:237^246, 1999
Nakato H, Futch TA, Selleck SB: The division abnormally delayed (dally) gene. A
putative integral membrane proteoglycan required for cell division patterning
during postembryonic development of the nervous system in Drosophila.
Development 121:3687^3702, 1995
Nutbrown M, Randall VA: Di¡erences between connective tissue-epithelial junc-
tions in human skin and the anagen hair follicle. J Invest Dermatol 104:90^94,
1995
Oh HS, Smart RC: An estrogen receptor pathway regulates the telogen-anagen hair
follicle transition and in£uences epidermal cell proliferation. Proc Natl Acad Sci
United States America 93:12525^12530, 1996
Oshima H, Rochat A, Kedzia C, Kobayashi K, Barrandon Y: Morphogenesis and
renewal of hair follicles from adult multipotent stem cells. Cell 104:233^245,
2001
Paine-Saunders S,Viviano BL, Economides AN, Saunders S: Heparan sulfate proteo-
glycans retain noggin at the cell surface. J Biol Chem 277:2089^2096, 2002
Panteleyev AA, Jahoda C, Christiano AM: Hair follicle predetermination. J Cell Sci
114:3419^3431, 2001
PanteleyevAA, Botchkareva NV, Sundberg JP, Christiano AM, Paus R: The role of
the hairless (hr) gene in the regulation of hair follicle catagen transformation.
AmJ Pathol 155:159^171, 1999
Panteleyev AA, Paus R, Ahmad W, Sundberg JP, Christiano AM: Molecular and
functional aspects of the hairless (hr) gene in laboratory rodents and humans.
Exp Dermatol 7:249^267, 1998a
PanteleyevAA, Paus R, Christiano AM: Patterns of hairless (hr) gene expression in
mouse hair follicle morphogenesis and cycling. AmJ Pathol 157:1071^1079, 2000
PanteleyevAA, van der Veen C, RosenbachT, Muller-Rover S, SokolovVE, Paus R:
Towards de¢ning the pathogenesis of the hairless phenotype. J Invest Dermatol
110:902^907, 1998b
Parakkal PF: Morphogenesis of the hair follicle during catagen. Z Zellforsch Mikrosk
Anat 107:174^186, 1970
Parakkal PF: Ultrastructural changes of the basal lamina during the hair growth cy-
cle. J Cell Biol 40:561^564, 1969
Paus R: Control of the hair cycle and hair diseases as cycling disorders. Curr Opin
Dermatol 3:248^258, 1996
Paus R, Cotsarelis G: The biology of hair follicles. New Engl J Med 341:491^498, 1999
Paus R, Foitzik K, Welker P, Bulfone-Paus S, Eichmuller S: Transforming growth
factor-beta receptor type I and type II expression during murine hair follicle
development and cycling. J Invest Dermatol 109:518^526, 1997
Paus R, Heinzelmann T, Schultz KD, Furkert J, Fechner K, Czarnetzki BM: Hair
growth induction by substance P. Lab Invest 71:134^140, 1994a
Paus R, Luftl M, Czarnetzk BM: Nerve growth factor modulates keratinocyte
proliferation in murine skin organ culture. Br J Dermatol 130:174^180, 1994b
Paus R, Stenn KS, Link RE: Telogen skin contains an inhibitor of hair growth.
Br J Dermatol 122:777^784, 1990
Paus R, Stenn KS, Link RE:The induction of anagen hair growth in telogen mouse
skin by cyclosporine A administration. Lab Invest 60:365^369, 1989
Philpott MP, Paus R: Principles of hair follicle morphogenesis. In Chuong CM (ed).
Molecular Basis of Epithelial Appendage Morphogenesis. Landes Austin, TX:
Bioscience Publishers, 1998:p 75^103
Philpott MP, Sanders DA, KealeyT: E¡ects of insulin and insulin-like growth factors
on cultured human hair follicles: IGF-I at physiologic concentrations is an im-
portant regulator of hair follicle growth in vitro. J Invest Dermatol 102:857^861,
1994
Phippard DJ,Weber-Hall SJ, Sharpe PT, et al: Regulation of Msx-1, Msx-2, Bmp-2
and Bmp-4 during foetal and postnatal mammary gland development. Devel-
opment (Cambridge, England) 122:2729^2737, 1996
Porter RM, Corden LD, Lunny DP, Smith FJ, Lane EB, McLeanWH: Keratin K6irs
is speci¢c to the inner root sheath of hair follicles in mice and humans. Br J
Dermatol 145:558^568, 2001
Prisco M, HongoA, Rizzo MG, Sacchi A, Baserga R:The insulin-like growth factor
I receptor as physiologically relevant target of 53 in apoptosis caused by inter-
leukin-3 withdrawal. Mol Cell Biol 17:1084^1092, 1997
Randall VA, Thornton MJ, Hamada K, Messenger AG: Mechanism of androgen
action in cultured dermal papilla cells derived from human hair follicles
with varying responses to androgens in vivo. J Invest Dermatol 98:86S^91S,
1992a
Randall VA, Thornton MJ, Messenger AG: Cultured dermal papilla cells from
androgen-dependent human hair follicles (e.g. beard) contain more androgen
receptors than those from non-balding areas of scalp. J Endocrinol 133:141^147,
1992b
Reddy S, Andl T, Bagasra A, Lu MM, Epstein D, Morrisey EE, Millar SE: Charac-
terization of Wnt gene expression in developing and postnatal hair follicles
and identi¢cation of Wnt5a as a target of Sonic Hedgehog in hair follicle
morphogenesis. Mech Dev 107, 2001
Reichrath J, Schilli M, Kerber A, Bahmer FA, Czarnetzki BM, Paus R: Hair follicle
expression of 1,25-dihydroxyvitamin D3 receptors during the murine hair
cycle. Br J Dermatol 131:477^482, 1994a
Rosenquist TA, Martin GR: Fibroblast growth factor signalling in the hair growth
cycle. Expression of the ¢broblast growth factor receptor and ligand genes in
the murine hair follicle. Dev Dynamics 205:379^386, 1996
Rothnagel JA, Seki T, Ogo M, et al: The mouse keratin 6 isoforms are di¡erentially
expressed in the hair follicle, footpad, tongue and activated epidermis. Di¡er-
entiation 65:119^130, 1999
Rudman SM, Philpott MP,Thomas GA, KealeyT: The role of IGF-I in human skin
and its appendages: morphogen as well as mitogen? J Invest Dermatol 109:770^
777, 1997
Ruppert R, Ho¡man E, SebaldW: Human bone morphogenetic protein 2 contains
a heparin-binding site which modi¢es its biological activity. Eur J Biochem
237:295^302, 1996
Sakai Y, Kishimoto J, Demay MB: Metabolic and cellular analysis of alopecia in
vitamin D receptor knockout mice. J Clin Invest 107:961^966, 2001
Sano S, Kira M, Takagi S, Yoshikawa K, Takeda J, Itami S: Two distinct signaling
pathways in hair cycle induction. Stat3-dependent and -independent pathways.
Proc Natl Acad Sci United States America 97:13824^13829, 2000
Sato N, Leopold PL, Crystal RG: Induction of the hair growth phase in postnatal
mice by localized transient expression of Sonic hedgehog. J Clin Invest
104:855^864, 1999
Sengel P: Morphogenesis of Skin. London: Oxford University Press, 1976
Shimaoka S, Imai R, Ogawa H: Dermal papilla cells express hepatocyte growth
factor. J Dermatol Sci 7 (Suppl.):S79^S83, 1994
Shimaoka S, Tsuboi R, Jindo T, Imai R,Takamori K, Rubin JS, Ogawa H: Hepato-
cyte growth factor/scatter factor expressed in follicular papilla cells stimulates
human hair growth in vitro. J Cellular Physiol 165:333^338, 1995
Sleeman MA, Murison JG, Strachan L, et al: Gene expression in rat dermal papilla
cells. Analysis of 2529 EST. Genomics 69:214^224, 2000
Soma T, Ogo M, Suzuki J, Takahashi T, Hibino T: Analysis of apoptotic cell death
in human hair follicles in vivo and in vitro. J Invest Dermatol 111:948^954,
1998
Song S, Lambert PF: Di¡erent responses of epidermal and hair follicle cells to radia-
tion correlate with distinct patterns of p53 and p21 induction. Am J Pathol
155:1121^1127, 1999
Sonoda T, Asada Y, Kurata S, Takayasu S: The mRNA for protease nexin-1 is ex-
pressed in human dermal papilla cells and its level is a¡ected by androgen.
J Invest Dermatol 113:308^313, 1999
Stenn KS, Lawrence L, Veis D, Korsmeyer S, Seiberg M: Expression of the bcl-2
protooncogene in the cycling adult mouse hair follicle. J Invest Dermatol
103:107^111, 1994
Stenn KS, Paus R: Control of hair follicle cycling. Physiol Rev 81:449^494, 2001
Straile WZ, Chase HB, Arsenault C: Growth and di¡erentiation of hair follicles
between activity and quescence. J Exp Zool 148:205^222, 1961
Su HY, Hickford JG, Bickersta¡e R, Palmer BR: Insulin-like growth factor 1 and
hair growth. Dermatol Online J [Computer File] 5:1, 1999
54 BOTCHKAREVAND KISHIMOTO JID SYMPOSIUM PROCEEDINGS
Suzuki S, Kato T, Takimoto H, Masui S, Oshima H, Ozawa K, Imamura T:
Localization of rat FGF-5 protein in skin macrophage-like cells and
FGF-5S protein in hair follicle: possible involvement of two Fgf-5 gene
products in hair growth cycle regulation. J Invest Dermatol 111:963^972,
1998
Suzuki S, OtaY, Ozawa K, Imamura T: Dual-mode regulation of hair growth cycle
by two FGF-5 gene products. J Invest Dermatol 114:456^463, 2000
Teleman AA, Stringhi M, Cohen SM: Shaping morphogen gradients. Cell 105:559^
562, 2001
Thesle¡ I, Mikkola M: The role for growth factors in tooth development. Int Rev
Cytol 217:93^135, 2002
Thesle¡ I, Vaahtokari A, Partanen A-M: Regulation of organogenesis. Common
molecular mechanisms regulating the development of teeth and other organs.
Int J Dev Biol 39:35^50, 1995
Tkachenko AV,Visconti RP, Shang L, et al: Overexpression of Hoxc13 in di¡erentiat-
ing keratinocytes results in downregulation of novel hair keratin gene cluster
and alopecia. Development 128:1547^1558, 2001
Tobin DJ: Basal lamina-like material and hemidesmosome-like structures associated
with dermal papilla cells in the normal human anagen hair follicle. Arch Der-
matol Res 284:303^306, 1992
Weiner L, Green H: Basonuclin as a cell marker in the formation and cycling of the
murine hair follicle. Di¡erentiation 63:263^272, 1998
Westgate GE, Messenger AG,Watson LP, GibsonWT: Distribution of proteoglycans
during the hair growth cycle in human skin. J Invest Dermatol 96:191^195, 1991
Wight T: Versican: A versatile extracellular matrix proteoglycan in cell biology. Cur-
rent Opinion Cell Biol 14:617, 2002
Wilson C, Cotsarelis G, Wei ZG, et al: Cells within the bulge region of mouse
hair follicle transiently proliferate during early anagen: Heterogeneity and
functional di¡erences of various hair cycles. Di¡erentiation 55:127^136, 1994
Wollina U, Lange D, Paus R, Burchert M, Gabius HJ: Expression of galectin-1 and
-3 and of accessible binding sites during murine hair cycle. Histol Histopathol
15:85^94, 2000
XiongY, Harmon CS: Interleukin-1beta is di¡erentially expressed by human dermal
papilla cells in response to PKC activation and is a potent inhibitor of human
hair follicle growth in organ culture. J Interferon Cytokine Res 17:151^157, 1997
Yamashita S, Miagi C, Carmany-RampeyA, et al: Stat 3 controls cell movement dur-
ing zebra¢sh gastrulation. Dev Cell 2:363^375, 2002
Yano K, Brown LF, Detmar M: Control of hair growth and follicle size by VEGF-
mediated angiogenesis. J Clin Invest 107:409^417, 2001
Young RD: Morphological and ultrastructural aspects of the dermal papilla during
the growth cycle of the vibrissal follicle in the rat. J Anat 131:355^365, 1980
Yu DW, Yang T, Sonoda T, et al: Message of nexin 1, a serine protease inhibitor, is
accumulated in the follicular papilla during anagen of the hair cycle. J Cell Sci
108 (12):3867^3874, 1995
EMI IN HAIRCYCLING 55VOL. 8, NO. 1 JUNE 2003
